Developing and improving methods to monitor forest carbon in space and time is a timely challenge, especially for tropical forests. The next European Space Agency Earth Explorer Core Mission BIOMASS will collect synthetic aperture radar (SAR) data globally from employing a multiple baseline orbit during the initial phase of its lifetime. These data will be used for tomographic SAR (TomoSAR) processing, with a vertical resolution of about 20 m, a resolution sufficient to decompose the backscatter signal into two to three layers for most closed-canopy tropical forests. A recent study, con-
ducted in the Paracou site, French Guiana, has already shown that TomoSAR significantly improves the retrieval of forest aboveground biomass (AGB) in a high biomass forest, with an error of only 10% at 1.5-ha resolution. However, the degree to which this TomoSAR approach can be transferred from one site to another has not been assessed. We test this approach at the Nouragues site in central French Guiana (ca 100 km away from Paracou), and develop a method to retrieve the top-of-canopy height from TomoSAR.
We found a high correlation between the backscatter signal and AGB in the upper canopy layer (i.e. 20-40 m), while lower layers only showed poor correlations. The relationship between AGB and TomoSAR data was found to be highly similar for forests at Nouragues and Paracou. Cross validation using training plots from Nouragues and validation plots from Paracou, and vice versa, gave an error of 16 -18% of AGB using 1-ha plots. Finally, using a high-resolution LiDAR canopy model as a reference, we showed that TomoSAR has the potential to retrieve the top-of-canopy height with an error to within 2.5 m. Our analyses show that the TomoSAR-AGB retrieval method is accurate even in hilly and high-biomass forest areas and suggest that our approach may be generalizable to other study sites, having a canopy taller than 30 m. These results have strong implications for the tomographic phase of the BIOMASS spaceborne mission.
Keywords: Aboveground biomass, BIOMASS mission, French Guiana, Paracou, Nouragues, TropiSAR, P-band SAR tomography, tomography phase, vertical forest structure 1. Introduction tion down to the ground even in dense multi-layer tropical forests (Smith-26 Jonforsen et al., 2005; Ho Tong Minh et al., 2014a) . The satellite will operate 27 in two different observation phases. The tomographic phase will last for one 28 year and will result in one global forest AGB and total canopy height map at 29 200-m resolution. It will be followed by an interferometric phase, which will 30 last for four years and will provide updated global forest AGB maps every 31 six months (Ho Tong Minh et al., 2015b) . 32 The algorithm for forest AGB retrieval based on P-band SAR has been 33 developed during the BIOMASS Mission Assessment Phase (Phase A), based 34 on airborne data collected over boreal and tropical forests (Sandberg et al., 35 2011; Ho Tong Minh et al., 2014a; Villard and Le Toan, 2015 There are 15 plots of 250 x 250 m 2 (6.25 ha) and one plot of 500 x 500 m 2 127 (25 ha). From 1986 to 1988, nine of these 15 6.25-ha plots underwent three 128 different mild to severe logging treatments to study forest regeneration after 129 logging (Gourlet-Fleury et al., 2004) . Logging treatments had a significant 130 impact on current AGB stocks (Blanc et al., 2009) At both sites, the two forests are moist closed-canopy tropical forests.
136
Nouragues forest has a slightly higher top canopy and aboveground biomass 137 stock and is on a more hilly terrain. However, the floristic composition is 138 largely similar (dominant tree families are Fabaceae, Sapotaceae, Burser-139 aceae, Lecythidaceae, Chrysobalanaceae, and Moraceae), and is typical of 140 most forests at the north-eastern end of the long pan-Amazon floristic gra-141 dient (e.g., (ter Steege et al., 2006) ).
142
In each permanent sampling plot, living trees ≥ 10 cm DBH were mapped, 143 diameter measured to the nearest 0.5 cm at 1.3 m above the ground, and 144 botanically identified when possible. For trees with buttresses, stilt roots or 145 irregularities, stem diameter was measured 30 cm above the highest irregu-146 larity. The point of measurement was marked with permanent paint on the 147 stem. Trees ≤ 10 cm DBH and lianas were disregarded in the census, but 148 these contribute a small fraction of the total AGB. 149 8 A subset of tree heights was measured at Nouragues (2462 trees) and
Paracou (1157 trees). These were used to construct plot-specific height-151 diameter allometries in each plot using a model of the form:
where H is the total tree height (Rejou-Mechain et al., 2015) . In Paracou,
153
a single height diameter model was used for all 6.25-ha plots but a specific 154 model was used for the 25-ha plot as this is known to have more slender trees 155 (Vincent et al., 2014) .
156
Above-ground biomass of each tree (AGB t ) was estimated using the equa-157 tion in (Chave et al., 2005) :
where H is the tree height estimated using the height-diameter equation 159 1 and ρ is the oven-dry wood specific gravity in g/cm 3 . A more recent allo- grid, and that phase terms due to platform motion and terrain topography 231 have been compensated, the following model holds (Bamler and Hartl, 1998; 232 Reigber and Moreira, 2000; Tebaldini, 2010):
where: b n is the normal baseline relative to the n − th image with respect 234 to a common master image; λ is the carrier wavelength; ξ is the cross range 
where θ is the radar look angle and b max the overall normal baseline span.
249
Equation (5) blurring of the processed data, and hence need to be corrected. Third, terrain 264 topography has to be considered, as it plays a key role for studying the 265 relation between TomoSAR and in-situ measurements.
266
After these pre-processing steps, tomographic imaging is performed sim-267 ply by taking the Fourier Transform (with respect to the normal baseline) 268 of the multi-baseline SLC data set at every slant range, azimuth location.
269
The result of this operation is a multi-layer SLC stack, where each layer is 270 referred to a fixed height above the terrain. We will hereinafter refer to each 271 image within the multi-layer data stack simply by the associated height (i.e.: 
278
We then evaluated the relationship between backscatter for different layer 279 heights and in-situ AGB using the slope of a least-square linear regression 280 and the Pearson coefficient r P . It is well-known that the cross-polarization 281 HV have a better correlation with AGB than the co-polarization HH or VV 282 (see for instance (Ho Tong Minh et al., 2014a) ). Hence to focus the discussion 283 we only report on the HV results in this paper. 284 We define a simple AGB model assuming a classical log law:
where AGB is the estimated forest AGB, P L is the HV backscatter of a The reader is referred to (Ho Tong Minh et al., 2015b) for the description 300 of the BIOMASS simulator, for which BIOMASS tomographic data were 301 emulated at the Paracou site. In tropical rainforests, where canopy structure is more complex than any 304 other forest type, estimating forest top height in the field is a challenging 305 task because it is often hard to clearly identify the top leaf or branch of a 306 tree in the canopy. Due to its ability to accurately characterize the vertical 307 structure of tropical forests, TomoSAR can be used to estimate forest top 308 height. Forest vertical structure can be observed by taking a tomographic 309 profile, i.e. a slice of the multi-layer data stack (Fig. 5) . 
where P (z, r, x) is the vertical backscatter at slant range, azimuth location 316 (r, x) in vertical direction z. Figure 6a shows an example of HV vertical 
where P (H C , r, x) is the backscatter at phase center H C , K is the power 331 loss value, z is the height values ranging from H C to the upper envelope of 332 the profile, e.g. 60 m.
333
Since the forest top height retrieval is dependent on the choice of the 334 power loss value K, we used top-of-canopy height LiDAR models to select 335 an optimal power loss value. 336
Results

337
The three tomographic layers (0, 15 and 30 m) were found to be different 338 in their information content, with the upper vegetation layer (30 m) having 339 the highest correlation between the backscatter and AGB (Fig. 7) . For this those obtained by using both training and validation samples from the same 352 study site ( Fig. 9 ).
353
Third, we retrieved top heights from the tomographic profile ( Fig. 5) .
354
Using the top-of-canopy height LiDAR model we evaluated the forest top 355 height location corresponding to a power loss value, with respect to the phase 356 center, ranging from 0 to -10 dB (Fig. 10) . In both the Nouragues and for comparison purpose (Fig. 11 ). Results show that the relative differences 364 between the top-of-canopy height LiDAR and TomoSAR estimates were 15% 365 for Nouragues and 10% for Paracou ( Fig. 11 right panel) .
366
In the Paracou forest the results from the emulated 6MHz-bandwidth sys-367 tem were found to be similar with those obtained from the airborne dataset First, we showed that the same analysis conducted originally at a coastal 387 tropical forest site of French Guiana, Paracou, could be replicated at an-388 other site (Nouragues), some 100 km away, and with independent ground 389 data. This was expected to be challenging because the Nouragues area has a 390 considerably more undulating terrain than Paracou, and this terrain is more 391 typical of the Guiana Shield. Our study confirms that P-band SAR tomo-392 graphic data can retrieve AGB even on this terrain. This is reassuring given 393 that many of the remaining mature tropical forests today are on steep slopes, 394 inappropriate for cultivation (see table S4 in (Réjou-Méchain et al., 2014) ).
395
In this paper, we also investigated whether our TomoSAR approach can 396 be generalizable to other sites than the study site originally studied (Para-397 cou), an important issue for the BIOMASS mission. The relationship between AGB and TomoSAR data at Nouragues was found to be highly sim-Temporal depends heavily on the repeat interval, which in the tomographic 473 phase of the BIOMASS mission has been minimized to 3-4 days. The first 474 attempt is provided in (Ho Tong Minh et al., 2015a) , in which the resulting 475 tomograms and forest heights were observed to change acceptably as long as 476 the revisit time is 4 days or less.
477
To conclude, our results reinforce the science basis for the BIOMASS 478 spaceborne mission. TomoSAR appears to be a promising technique to be 479 used by BIOMASS for the retrieval of tropical forest biomass and height, and 
